A method of determining the instantaneous aortic blood velocity from the pressure difference between two points along the axis of the aorta was derived from the Navier-Stokes equation. Experimental support for the derived formula was obtained in a flow model and in a living animal aorta. The flow model was a small piston pump which produced a known sinusoidal fluid velocity. The velocity computed from the formula compared well with the known values. In the living animul the formula yielded a velocity curve which compared favorably with those in the literature. The pressure difference from which the velocity was computed was obtained through a specially designed double lumen catheter attached to a differential pressure transducer. The method is applicable only to pulsatile flow.
A method of determining the instantaneous aortic blood velocity from the pressure difference between two points along the axis of the aorta was derived from the Navier-Stokes equation. Experimental support for the derived formula was obtained in a flow model and in a living animal aorta. The flow model was a small piston pump which produced a known sinusoidal fluid velocity. The velocity computed from the formula compared well with the known values. In the living animul the formula yielded a velocity curve which compared favorably with those in the literature. The pressure difference from which the velocity was computed was obtained through a specially designed double lumen catheter attached to a differential pressure transducer. The method is applicable only to pulsatile flow.
A METHOD of measuring the instantaneous cardiac output without altering the organism's basic physiologic state would be of considerable value to the field of experimental medicine. For physical reasons a catheter tip method would seem to be the only practical way of achieving this measurement. Technical problems make it unlikely that an instrument which will measure cardiac flow directly will ever be available. On the other hand, the measurement of the aortic blood velocity by some device is feasible. Knowledge of the instantaneous axial velocity, diameter, and velocity profile of the stream will yield the instantaneous flow.
A velocity sensing device in the ascending aorta between the aortic valves and the innominate artery would measure the instantaneous heart ejection velocity. The approximate instantaneous cardiac output could then be obtained by using radiographic technics to obtain the time average cross sectional area of the aorta 1 to be blunt. The assumption of a blunt velocity profile in this region of the aorta and in this type of pulsatile flow is warranted. First a parabolic velocity distribution does not occur until a considerable distance from the pipe inlet; 2 second, in pulsatile flow the parabolic distribution does not have time to form. Parabolic velocity will only form in steady flow where the pressure gradient is made up entirely of viscous drag. In pulsatile flow the pressure gradient acting on the more axial part of the flow has a large inertial reactive component. Crandall 3 calculated that this would result in a blunt velocity profile for fluids in general. Recently Hale and associates 4 using the same mathematical approach, specifically studying blood, arrived at a similar conclusion. The velocity of the blood may be deduced when the pressure, viscosity and density are known at every instant and at every point in the flow. The mathematical relationships between these factors are expressed by the fundamental equation of hydrodynamics, the Navier-Stokes equation. 6 This equation is general and applies to all types of flow. Lam bossy 6 applied this equation to flow in a rigid tube to obtain velocity from the pressure gradient. Womersley 7 modified Lambossy's results to apply approximately to blood flow in the vascular system. The major disadvantage of the method is the laborious Fourier analyses and computations with Bessel functions.
AORTIC BLOOD VELOCITY MEASUREMENT
Using a different mathematical approach a relationship is developed in the present study for determining the blood velocity between two pressure taps which should lend itself well to simple computer technics. Since the pressure gradient at a point cannot be determined, the pressure difference is measured between two points a finite distance apart. The Navier-Stokes equation represents the space rate of change of pressure at a point. To fit the experimental situation this equation must be integrated along a line connecting the two points. For simplicity the x coordinate is taken parallel to this line. The Navier-Stokes equation 6 is then put into integrablc form by dotting the element vector i dx into it. This results in the scalar equation* whose left side represents the small pressure difference between two points an infinitesimal distance apart in the x direction.
THEORY

Glossary of Symbols and
The integration of the left side of the equation (1) along x is determined experimentally. The right side of equation (1) can be integrated along x if the functional relationships of each of the dependent variables on the right to x can be established. The dependent variables on the right are vector q, and its x component, «, with its time and space derivatives. The first term may be simplified to wf -J dx by making the vector q approach M.
This will be closely approximated if a uniform nonbranching portion of a vessel is chosen and radial pulsations are assumed small. This leaves u and its time and space derivatives as the only dependent variables. Let f(x, t) represent any one of these functions. To determine the approximate functional relationship of these quantities to x, one makes the following assumption. Over the relatively short distance between x\ and x. the variation of the function with time is propagated along x at a constant velocity, S, determined by the dimensions, density and clastic properties of the system. Therefore:
(2) and St Ax -SAt
Thus, at Xt one observes the function of time identical to that observed at x h however, At sec. later. The change in the value of the function between Xt and Xi at a particular time would then be the same as the change in the function between t\ and ti at a particular x, if X? -x\ «• Ax, U -t\ = At, and Ax/At -S. Therefore, from equation (3) in the limit,
In dogs and in man the pulse transmission velocity, S, is roughly 700 cm./sec. 8 ' ' Substituting S = 700 in equation (4), the rate of change of the function with x is only 0.0014 times the rate of change with time. Therefore since u and its time and space derivatives vary comparatively slightly with x, * The divergence term dropped out since blood is incompressible. For simplicity the gravity term was made zero either by axis orientntion or arbitrary choice of baseline.
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relatively little error will be introduced by considering their derivatives with respect to a; to be zero and their values to be constants for purposes of integration with respect to x. This makes the remainder of the first term, u(du/dx), approach zero, and makes du/dt in the second term essentially a constant with respect to x.
The functional relationship of the third term to the dimensions of the aorta and the velocity is unknown. Since the drop in mean pressure along the aorta is small, it is likely that the value of this friction term is not large compared to the second term expressing the inertial properties of the fluid. Therefore if one assumes a linear relationship between velocity and frictional pressure drop, the error introduced will probably be small. With these restrictions the integration of equation 1 will give:
Equation (5) states that the pressure difference, p(t), between Xt and x 2 , is equal to the sum of an inertial term, which is proportional to the time acceleration of the fluid, and a frictional term, which is proportional to the velocity of the fluid. The value of a is determined by the blood viscosity, aortic dimensions, Ax, and the type of flow. The solution to equation (5) is:
The second term on the right is the transient solution and for the present may be ignored. Using equation (6) one may compute the velocity, u(t), from the pressure difference, p(t), between two points Ax apart using appropriate values of p and o. This was clone in un experimental model as well as in the living clog.
RESULTS
Equation (0) was verified experimentally in the following manner. A small piston pump whose displacement varied sinusoidally with time was used to drive liquid flow sinusoidally through a tube at various frequencies.
The amplitude, U, of the fluid velocity in the tube was known from u = (7) where V is the pump displacement, .4 is the crass sectional area of the tube in which the velocity was to be measured, and / is the frequency in cycles/sec. The known value of U from equation (7) was plotted as the solid line on the graph of figure 1 for comparison with the measured values of U.
The experimentally determined values were obtained indirectly by substitution of the measured p(t) into equation (6). Since equation (6) is computationally awkward, a simplified expression applicable only to the case of sinusoidal waves was derived from it.
where P is the amplitude of the pressure in cm. HjO recorded from a transducer* which measured the pressure difference between two points 5 cm. apart along the flow tube. The value of the friction constant, a, was computed assuming Poiseuille's law to hold. The value of Ax in this model was 5 cm. and p was unity. The velocity then was in cm ./sec. Both water and Plasmoid f were studied. Water has about one-fifth and Plasmoid about twice the viscosity of blood at room temperature measured in this laboratory. Unfortunately a pure sinusoidal flow could not be produced with the flow generator used in this study. Although the shape of the pressure wave was basically sinusoidal, large high frequency pressure disturbances from the electromechanical part of the system were superimposed on the basic wave, as shown diagrammatically in figure 1 . Therefore, as shown in figure 1 , both the highest and lowest j'ecorded values of P at any frequency were measured. Corresponding values of U were computed and plotted. Each set of values is connected by a vertical bar. The vertical bars ending in short horizontal dashes are the values for water and those ending in circles are for Plasmoid. A method of least squares was used to obtain the best linear fit to these data. The dashed and dotted lines represent water and Plasmoid respectively. Both of these lines fall very close to the true line. These data offer as good experimental support of the valid it}' of equation Fm. ]. Heavy line sloping at 45°, true value of U (the peak fluid velocity) for each frequency,/. Vertical burn, maximum and minimum values of U computed from corresponding maximum and minimum values of 1 J for each frequency. Sloping dashed and dotted lines, best linear fit to data for water and 1'lunmoid respectively. Diagram to the right indicates the points on the recorded pressure tracing from which the maximum and minimum values of P were taken. Ordinato, U peak velocity, cm./soc. Abscissa, cycles/sec. (6) as will be obtainable until a better dynamic flow proving device can be developed.
In the living animal aorta the application of equation (6) is complicated because the value of a cannot be calculated directly. There are several approaches to finding the value of a. Only the simplest will be described here based on the assumption that the velocity becomes 0 at the end of diastole. This assumption is questionable in regurgitant flow or in flow of very rapid heart rates. Alternate methods of determining the correct value of a avoiding this assumption become quite elaborate and will not be discussed here. If it is assumed in equation (6) that the velocity is 0 at the end of diastole, then it can be shown that at most only discreet values of a will return the value of equation (6) to 0 at a time exactly one period later.
It can be shown that the value of a must lie between 0 and 2A.r. There will be only one value of a in this range that will make equation (6) periodic and achieve 0 velocity at the end of every diastole. Finding this value of a to satisfy these conditions on equation (G) is a trial and error procedure. Figure 2 represents the application of equation (6) to data obtained with a double lumen polyethylene catheter attached to a differential pressure transducer of good recording characteristics. The openings to each catheter lumen were six cm. apart in the upper aorta. In figure 2 the upper curve was redrawn from the differential pressure tracing. The two middle curves in figure 2 represent a plot of equation (6) for a = 0 and for the correct value a = 0.125 respectively.
DISCUSSION
If the catheter method of measuring the aortic blood velocity is to be widely applied, the tedious trial and error graphic analyses will have to be performed by an electric computer. Equation (5) has two electric analogues, the differential equation for an inductance and a resistance in series, and the differential equa- tion for a capacitance and a resistance in parallel. For technical reasons the latter is preferable. The equation for this circuit is (9) Thus, if a current, I(t), flows across this circuit and is made proportional to p(t), the voltage, E, will be proportional to u{t) at every instant provided the RC product is made equal to pAx/a. In practice one would adjust the variable resistor in the circuit to vary its analogue, a, until the desired boundary conditions are established, namely that u{t) return to 0 at the end of diastole. A simple electric computer for equation (5) is being designed along these principles.
The accuracy of the method depends on the fidelity of the differential pressure sensing system. The development of an accurate catheter tip differential microgage would increase the accuracy of the method first by diminishing pressure recording errors and second by permitting the value of Ax to be made smaller thus fitting the basic assumptions even better. SUMMARY A catheter tip blood velocity measuring technic has been described for use in animal and, theoretically, in human aortas. The system used in this study consisted of a double lumen catheter with lateral openings such that one catheter lumen opens at a point about 5 or 6 cm. from the other. When each catheter lumen is attached to opposite sides of a differential pressure transducer, the system will measure the differential pressure between two points in the stream. Deductions from the Navier-Stokes equations have been presented that give the relationship of this differential pressure to the instantaneous aortic blood velocity. This method is only applicable to pulsatile flow.
SUMMARIO IiV I N T E R L I N G U A
Es describite un technica a puncta de catheter pro le mesuration de velocitates sanguinee in aortas animal e theoricamente etiam human. Le systema usate in iste studio consisteva de un catheter a passage duple con aperturas lateral arrangiate de maniera que inter iste aperturas il habeva un distantia de circa 5 a G cm. Si le duo passages del catheter es attachate al lateres opposite de un transducitor de pression differential, le systema mesura le pression differential inter duo punctos in le fluxo, Deductiones ab le equationes de Navier-Stokes es presentate, monstrante le relation cle iste pression differential al instantanee velocitate del sanguine aortic. Le methodo es applicabile solmente al fluxo pulsatile.
The Role of Electrolytes and Cholesterol in Hypertension
According to some investigators there is increasing evidence of a linkage of electrolyte imbalance to hypertension. It is also possible that cholesterol leads to narrowing of blood vessels not only through formation of atheromatous patches but also through increase in vascular tone.
Singh and Singh, whose work on muscular contraction is well known, report a series of studies on smooth muscles and blood vessels which suggest that the sequence of events in hypertension might be as follows: Increase in the sodium or decrease in the potassium content, or some other factor, leads to increase in the irritability of the nervous system. Tliis leads to increase in tone of the arterioles. Some vasopressor substance liberated in the blood stream may also produce similar action. Stimulation of the nrteriolar muscles inerenses their permeability, thus allowing sodium, calcium and cholesterol to enter. These act on the contractile mechanism to produce a tonic and, later on, an irreversible contraction of the arterioles. Increase in the sodium content of the arterioles would also lender them more sensitive to chemical excitants in the blood.
As hypereholesterolemia and atherosclerosis are rarely found during the initial stages of hypertension, cholesterol may complicate matters in the later stage of the disease. Cholesterol changes the nature of the tone and impairs active relaxation of smooth muscle, hence it is quite possible that the irreversibility of hypertension in later stages might be due to the action of cholesterol.
The action of cholesterol on the contractile mechanism is enhanced by calcium. This may be of significance as, in arteriosclerosis, deposition of calcium occurs in the media. High concentrations of calcium have a direct effect on the contractile mechanisms of unstriated muscle, causing it to contract. This may also be a contributory factor in causing an irreversible contraction of the arterioles.
For <lcluils see three communications by S. I. Singh and I. Singh, Proc. Intliun A cad. Sc. 42: 172, 183, 191, 19 .i.i.
